Abstract: Development of Aspergillosis on the integument of the silkworm, Bombyx mori Linn., was examined by scanning electron microscopy. Aspergillosis is a fungal disease caused by an insect mycopathogen Aspergillus tamarii Kita, which infects the silkworms in countries where sericulture (the rearing of silkworms) is prevalent. The present study showed the course of infection and the conidial development of A. tamarii on the integument of B. mori. Five different strains (KA, NB 18 , NB 4 D 2 , NB 7 and PM) of B. mori were inoculated on their body surface with ca. 1 × 10 6 conidia/ml. Among the five breeds tested, the conidial germination was greatest on the larval surface of KA breed, and least on PM. Most of the conidia germinated on the cuticle approximately 8 − 12 hours after inoculation, forming a suctorial appressorium within 24 hours. The hyphae reached the hemocoel, where they grew and multiplied extensively, forming a mycelial complex and causing death of the host larva in about 5−6 days. The death of the host was followed by growth of the fungus through mesodermal and epidermal tissues, leading to larval mummification about 6 − 7 days post-inoculation. Extensive aerial outgrowths of the fungus followed, mostly through the intersegmental regions of larvae. Abundant branched conidiophores developed, forming a confluent yellow brown mat over the entire host body 7 days after inoculation. Each conidiophore had an apical vesicle bearing numerous phialides from which conidia were developed in long chains.
Introduction
The silkworm, Bombyx mori Linn., is an insect of immense economic value for the silk industry. The silkworm feeds on mulberry leaves during its entire larval period and spins a silk cocoon. The diseases of B. mori have been the subject of intensive research because of their commercial importance for silk producing countries [1] . It is prone to several diseases caused by fungi, bacteria, protozoans and viruses, leading to cocoon crop loss and affecting the entire sericulture industry [2] . Among the fungal diseases, aspergillosis caused by the pathogenic species of the genus Aspergillus, is very common and spreads especially during rainy and winter seasons. Species of Aspergillus have been known to be pathogenic to silkworm since the latter part of the 19 th century [3] . Aspergillosis has been reported to occur on silkworm in Japan [4] , Thailand [5] and India [6] . The Aspergillosis disease is common in young silkworms in countries where the high temperature and high relative humidity (28 − 30 • C, 85 − 95% of RH) favorable for silkworm growth is also conducive for the growth and multiplication of the fungus. The cocoon crop loss is estimated to be 5% in Japan alone from the disease [7] . Chinnaswamy [6] observed the incidence of aspergillosis of silkworm, B. mori in different seasons under Karnataka conditions of India. The percentage of the incidence of disease ranged from 5.32 during February -March period to 21 .36 between July and August. Kodaira [8] demonstrated the capacity of Aspergillus to produce toxins active against silkworm. The occurrence of aflatoxin producing strains in Aspergillus and their toxic effect on silkworm larvae were studied by Murakoshi et al. [9] . Further, the toxic effects of various mycotoxins to B. mori larvae were investigated in an ad libitum feeding test, conducted to better understand aspergillosis. Kojic acid was found to be produced by Aspergillus oryzae [10] [12] . Aspergillosis is popularly called "Koji-kabi" in Japan, and is also known as brown muscardine. 15 strains of A. tamarii (9 obtained from silkworm litter, 5 from rearing room dust and one from diseased silkworm pupae) were isolated from different silkworm rearing areas in the Karnataka state of India, and their relative virulence to B. mori were studied by infecting first instar worms soon after hatching [13] . The present study was undertaken with the aim of understanding the route of infection of A. tamarii on the silkworm, B. mori. The present paper explains the process of germination, penetration and conidial development of A. tamarii on B. mori using scanning electron microscopy. The results of the study will find use in making control strategies for the fungus at different stages of the multiplication.
Materials and Methods

Culture of host insect
Five different strains of the silkworm, B. mori larvae viz., New Bivoltine 18 (NB 18 ), Kalimpong (KA), New Bivoltine 4 Dumb-bell 2 (NB 4 D 2 ), Pure Mysore (PM) and New Bivoltine 7 (NB 7 ) were cultivated on fresh mulberry leaves until the second moult under hygienic conditions, at 26±1
• C temperature and 80±5% relative humidity with a 16 hour photoperiod, following the package and practices suggested by Krishnaswami et al. [14] .
Collection and Inoculation of larvae
About 250 healthy larvae of each strain were collected from cultivation at the start of the third instar and then were selected for inoculation. The conidia of A. tamarii were taken from an eight-day-old culture, maintained at 25
• C on Czapek-Dox agar media, in developing a 1 × 10 6 conidia/ml inoculation. The selected larvae were contaminated topically by spraying the spore suspension on the integument with an atomizer, and then the cultivation of the larvae resumed. 10 topically infected larvae of each strain of B. mori were set aside for fixation, for SEM study at 2 hour intervals up to 12 hours, then at 12 hour intervals up to 144 hours, and thereafter at 24 hour intervals up to the eighth day post-inoculation (p.i.). The infected larvae were dead after 5 − 6 days and mummified in 6 − 7 days p.i. The dead, mummified larvae were kept at 25
• C, and samples were collected at 24 hour intervals for three more days.
Preparation for scanning electron microscopy
Samples for scanning electron microscopy (SEM) were fixed for 2 hours at room temperature, in 2.5% glutaraldehyde, prepared in 0.2 M sodium cacodylate buffer (pH 7.2), dehydrated in a graded alcohol-acetone series, and dried in a critical point dryer (EMS -850), using CO 2 as transition fluid. A few critically dried samples were also randomly fractured to trace the routes of infection. The dried samples were mounted upon copper stubs, and were coated with a 20 nm thick layer of gold in a Sputter coater (EMS -550), and examined using a JEOL 100 CX -II transmission electron microscope fitted with a scanning attachment (ASID-4D) (JEOL Ltd., Tokyo, Japan) at an accelerating voltage of 20 kV with a beam current around 0.1 nA. Fresh unstained samples were also studied under a stereo microscope.
Statistical analysis
The 2 mm 2 sections of the contaminated larval cuticle collected from the larval body, from the dorsal, lateral and ventral sides after inoculation and at different intervals, were examined under SEM. The germinated and ungerminated conidia of A. tamarii were counted per unit area on cathode rays tube screen (CRT Screen) of EM at low magnification. In addition, critically dried samples of the cuticle and other infected tissues were also randomly fractured into 2 mm 2 size and then mounted upon copper stubs in different arrangements for more detailed observation of the fungus multiplication and route of infection. The data were subjected to statistical analysis employing analysis of variance (ANOVA) to ascertain the significant difference of spore germination among 5 different strains of B. mori (KA, NB 18 , NB 4 D 2 , NB 7 and PMM).
Results
Conidia and conidial germination
On the larval samples fixed 4 hours after inoculation, conidia of A. tamarii were found on the entire surface of the larval integument, but concentrated more in the depressions of integument and near the setal base (Figures 1a, 1b) . The conidia were orangeyellow, globular, and thick with a very rough surface, becoming brown with age. Conidial germination began 8 hours p.i., and continued to occur up to 12 hours p.i. Furthermore, the conidia germinated on all regions of body surface, without any apparent preference (Figures 1a, 1b) . The greatest amount of conidial germination was observed on the larval surface of KA strain i.e., 86.4 ± 0.45%, whereas the least was on PM strain i.e., 70.0 ± 1.78% (Table 1 ). The analysis of variance reveals that there was a significant difference in spore germination between 5 different strains studied (Table 1) . ± Standard Error ** P < 0.01 Table 1 Percentage of spore germination of Aspergillus tamarii on five strains of silkworm, B. mori. 
Multiplication, growth and development of fungus in host body
Each conidium of A. tamarii produced a single short germ tube about 8 − 12 hours p.i. Germ tubes which were 400 µm in length, unbranched and formed suctorial or humpy appressoria at their tips on the host integument 24 hours, p.i. (Figure 1c ). Hyphae that developed from appressoria, penetrated the epicuticle, then breached the mesoderm (Figure 4f) , and reached the hemocoel without causing much tissue alterations. The next step in the life cycle of the pathogen was an extensive growth of the fungus in the host, with the fat bodies being the first tissue to be attacked, followed by other tissues as a further sign of deterioration. Extensive fungal growth was evident in the hemocoel within four days after exposure to fungal conidia, and the hyphae multiplied by the budding of hyphal bodies (Figures 1d, 1e) . The hyphal bodies became detached and elongated to form vegetative hyphae, which further multiplied by budding. Proliferation in the hemocoel took place with no apparent damage to other tissues. The abundant vegetative hyphae became elongated and interwoven with other hyphae to form a mycelial complex in the hemocoel within 5 − 6 days, p.i., and it was at this stage that the larva died. The infection developed rapidly in most of the larvae, resulting in their death at pre-moult stage, whereas others died after moult. The vegetative hyphae from the hemocoel then invaded the mesodermal and epidermal tissues to emerge as aerial hyphae on the outer surface of the host body within 7 days after treatment (Figures 1f, 2a) . By this time, the larva became mummified. The aerial hyphae were observed first at the intersegmental regions but later grew extensively on the rest of the larval surface forming a mycelial mat about 7 days after exposure to the conidia. The aerial mycelium produced abundant, erect, branched wooly conidiophores bearing globose, brown conidia with a very rough surface (Figures 2b-3c ). The development of conidiophores continued for about 24 hours, forming a confluent aerial mat over the entire cuticular surface of the larvae, giving a brown powdery appearance to the mummified larvae. Although disorganized, each conidiophore developed singly from somatic hyphae. The tip of each conidiophore gradually dilated and developed into a bulbous head, i.e., the vesicle (Figure 2c) . A large number of conidiogenous cells which were initially hemispherical, were produced over the entire surface of the vesicles (Figures 2c, 2d) . The hemispherical cells later developed into finger-like projections which are termed sterigmata or phialides (Figures 2e, 2f) . Only a single layer (uniseriate) of phialides was produced from a vesicle. The phialides ripened within 2 days after the aerial hyphae emerged from host integument, and they formed conidia in chains at their tips (Figures 3a, 3g) . The conidial chains formed basipetally, with the youngest conidia of a chain closest to the conidiogenous cells. Each conidium was globose with a very rough surface (Figures 3c-4a ) and brown as observed with light microscope. The fungal hyphae and the abundant conidial heads covered the entire host surface, giving an orange-yellow tinge. A large number of conidia and conidiophores caused the colonies of A. tamarii to appear almost entirely orange-yellow, which later turned to a brown color. The fungus took 6 − 7 days to complete its life cycle on B. mori. Dispersed conidia were found entangled in spiracles and tips of the appendages of the host larva (Figures 4b-4d) .
A cross section of randomly fractured samples revealed a vacant space between the fat body tissues and the host integument, where the fungus multiplied and later penetrated into the hemocoel (Figure 4f ). 
Discussion
The conidia of A. tamarii were globose, thick with a very rough surface and orange-yellow which later turned to brown. Kumar et al. [15] previously found the conidia of A. flavus were yellowish green, globose to sub-globose, usually rough and echinulate. Conidial ger-mination of A. tamarii started 8 hours post-inoculation and continued up to 12 hours p.i. Kumar et al. [15] reported that the conidial germination of A. flavus started 6 hours p.i. and continued to occur up to 12 hours p.i. However, another study [2] suggested that the conidial germination period varied according to the texture of the substrate and the presence or absence of nutrients in Beauveria bassiana spores on B. mori. It has also been reported that the hydrocarbons in the cuticle of insects are the major source for conidial nutrition, and they influence the germination period of the conidia [16] . Both temperature and relative humidity have major roles on the growth of mycelium, sporulation and germination of spores. According to Kawakami [17] the higher temperature and humidity, most favorable for the growth of silkworms, also are more conducive to the development of aspergillosis. May et al. [18] and Gould [19] advocated temperatures between 30
• C to 35
• C for growth of A. flavus and 20
• C for A. tamarii, respectively. The majority of Aspergillus grows well and sporulates abundantly at temperature range of 23
. Samsinakova et al. [21] reported that proteolytic, lipolytic and chitinase enzymes are necessary for penetration of B. bassiana hyphae on the integument of the greater wax moth, Galleria melonella. Different strains of silkworms were reported to differ in the degree of susceptibility to Aspergillus. Israngkul and Sinchaisri [22] , who examined several Japanese and Thai polyvoltine strains of silkworm, found considerable difference among the strains in their susceptibility to aspergillosis. Chinnaswamy and Devaiah [23] who studied the comparative resistance of many Indian silkworm strains to A. tamarii, reported that PM was the most resistant strain and KA was the most susceptible one to A. tamarii, while Hosa Mysore and NB 4 D 2 were intermediate in resistance. Similarly, Peter [24] observed that among the 5 strains, viz., KA, NB 18 , NB 4 D 2 , NB 7 and PM, tested against A. tamarii for their susceptibility, the multivoltine PM was less susceptible, while KA was more susceptible and the order of susceptibility among the strains was KA, NB 4 D 2 , NB 7 , NB 18 and PM. The results of the present study on A. tamarii revealed that there were a maximum number of conidia germinated on KA strain while the least spore germination was observed on PM strain. These observations contribute to the observations of Chinnaswamy and Devaiah [23] and Peter [24] on the infectivity of Aspergillus sps. on different silkworm strains. However, with aspergillosis caused by A. flavus, there was no significant variation in the percentage of germination on the larval surface of different strains of silkworm [15] . The epicuticular lipid is known to be the effective barrier to the fungus [25] , and it is also true regarding the present results of the minimum percentage of conidial germination on PM strain of B. mori, may be due to the more epicuticular lipid content on the larval integument than rest of the strains. Varied rate of chitin decomposition of larval cuticle might be attributed to the encountered susceptibility rates of the silkworm strains. Further, silkworm strains of different geographical origin also differ in the degree of susceptibility to the fungus. It also varies with voltinism of silkworm strains. The presence of immunity in silkworm, B. mori and the rice stem borer, Chilo simplex, is caused by its cuticular lipids. The larvae became highly susceptible to muscardines when their cuticular lipids were either mechanically or chemically removed. Lipids contained in shed cuticle of silkworms have either a fungici-dal or fungistatic action, according to concentration on cultures of A. flavus. The most active antifungal constituents of cuticular lipids were the free medium-chain saturated fatty acids, presumably caprylic acid or carpic acid, which occur naturally in the cuticle. The antifungal activity of lipids extracted from the living cuticle was slightly greater than that of those extracted from shed cuticles [26] . The appressorial cells contained numerous mitochondria, distyosomes, ribosomes and endoplasmic reticulum, suggesting a high level of metabolic activity [27] . By enzymatic and physical activities of the fungus, the hyphae invade the cuticle of host. Colonies of most entomopathogenic conidial fungi produce proteases, lipases and chitinase, and the insect cuticle is believed to be dissolved by the combined action of all these enzymes [28] . After the cuticular invasion of the hyphae of A. tamarii, the hyphae grew and multiplied immensely in the hemocoel, forming a mycelial mat within 4 days after treatment. Kumar et al. [15] described the extensive fungal growth of A. flavus in the hemocoel of infected B. mori larvae 3 − 4 days p.i. Similar to the previous observations on B. bassiana [2] and on A. flavus [15] , the hyphae of A. tamarii multiplied in the hemocoel by the budding of hyphal bodies. The detached hyphal bodies elongated to form vegetative hyphae. 5 days after inoculation, a large number of hyphae of A. tamarii emerged through the intersegmental regions of the integument, and developed extensive aerial hyphae that covered the entire larval surface by 7 days after the inoculation. These observations coincide with the observations in the larvae of B. bassiana and A. flavus, respectively [2, 15] . Zacharuk [29] described that when the larval cuticle is highly sclerotized, the hyphae tend to grow between lamellae, and in such cases penetration to the hemocoel may take several days. Further, Fargues and Vey [30] have demonstrated that, an insect which molts before the hemocoel is invaded, may discard the fungus entirely in the moulting process and escape the disease.
A number of entomopathogenic fungi overcome their host even before extensive invasion of internal organs takes place. Roberts and Humber [28] have stated that some toxins are presumed to be responsible for host mortality. A. flavus is a confirmed aflatoxin producing mold [31] . Oral toxicity of extracts of larvae infected with A. flavus to silkworm was studied by Ohtomo et al. [32] and aflatoxin B1 was calculated to be 0.05 µmol/larvae on 5 th day p.i. of silkworm larvae with conidia of A. flavus. The mortality of silkworm larvae orally treated with A. flavus aflatoxin was found to be 100 per cent. As the intersegmental membrane affords less resistance to penetration, that was the preferred site for maximum re-emergence of the fungus [15, 28] . Similar to the observations on B. bassiana and on A. flavus [2, 15] , a large number of multi-layered crystals of different shapes and sizes were observed on the integument and in the fringes of spiracles of the infected larvae of A. tamarii (Figure 2e ). However, these crystals were not observed on the integument of uninfected larvae. The crystals may be oxalate of ammonium and magnesium produced as by-product of fungal infection [33] . The results showed that the significant differences in resistance to aspergillosis among the different strains of silkworm, B. mori, was largely due to the variation in the germination of conidia of A. tamarii. In addition, the infection process of Aspergillus in silkworm differed from that known on other host insects, with regard to the germination period of conidia, and the duration of its different developmental stages in its life cycle.
